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Abstract 7 
We report methodological innovations and initial applications to retrieve Ca isotopic (δ44/40Ca) 8 
compositions of bioapatite at high spatial resolution. Advances over previous TIMS methods 9 
include: 1) Laser-microsampling via 20 µm wide laser-cut polygons followed by extraction of 10 
µg-sized bioapatite fragments, 2) no ion exchange chromatography after sample dissolution,3) 11 
TIMS analysis using a 1010 Ω resistor for 40Ca, 4) parafilm-dam loading that significantly 12 
restricts in-run Ca isotope fractionation.. 13 
Identical internally-normalized Ca isotopic ratios are achieved for natural calcite, apatite and 14 
bone meal SRM 1486 without chemical separation, suggesting no need of chemical 15 
purification for TIMS Ca isotopic analysis of such materials. Our 42Ca-48Ca double spike (DS) 16 
corrected δ44/40Ca values of standard solutions HPSnew, Fisher 07 and bone meal SRM 1486 17 
are 0.70 ± 0.18 ‰, 1.03 ± 0.20 ‰, and -1.03 ± 0.19 ‰ (2SD), relative to SRM 915a, all well 18 
in line with published data and validating our DS-correction technique. Solutions prepared 19 
from both laser-cut and non-laser cut Durango apatite have similar δ44/40Ca values (0.70 ± 20 
0.17 ‰, 2SD), suggesting no resolvable Ca isotope fractionation effect induced by the laser-21 
cutting process. 22 
An initial δ44/40Ca profile of human enamel apatite, laser-sampled in the growth direction 23 
from a third molar of a modern female, reveals a 0.73 ‰ decrease that coincides with the 24 
onset of her menstruation. This indicates a relationship between physiological change and 25 
δ44/40Ca excursion, and raises the need for proper evaluation of physiological effects on Ca 26 
isotopes before reliable environmental signals can be extracted from the large Ca-isotope 27 
variability previously observed in fossil skeletal tissues. 28 
We also investigated the potential for Ca isotopic analysis using both solution and laser 29 
ablation (LA) sample input to an IsoProbe MC-ICPMS. While the use of a collision cell 30 
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almost completely removes 40Ar+ interference on 40Ca+, partially-resolved hydrocarbon 31 
interferences result in only ~30% useable peakflats, that potentially cause problems with peak 32 
jumping needed for analysis of 46Ca and 48Ca. Further, it is difficult to correct for Ti isobaric 33 
interferences so that analysis without chemical separation is not practical. In-situ direct Ca 34 
isotope analysis of natural calcite, aragonite and apatite by LA-MC-ICPMS shows substantial 35 
matrix sensitivity, and therefore requires close matrix matching. 36 
Keywords: Ca isotopes, enamel apatite, TIMS, (LA-) MC-ICPMS, double spike, Laser- 37 
microsampling 38 
1 Introduction 39 
Precise Ca isotopic analysis was established using modern mass spectrometers and the 40 
double spike mass fractionation correction technique by Russell (1978). Since then a large 41 
amount of Ca-isotope work has been focused on the global Ca cycle (e.g. Zhu and 42 
Macdougall, 1998; Schmitt et al., 2003; Tipper et al., 2006); and palaeoceanographic 43 
reconstruction using marine skeletal carbonates (e.g. Nagler et al., 2000; Gussone et al., 2004; 44 
Heuser et al., 2005; Hippler et al., 2006; Farkas et al., 2007; Brazier et al., 2015). Ca isotopic 45 
variations in biological samples hold vital clues of Ca pathways during bio-mineralisation 46 
and metabolism. Some marine bone apatite and calcium carbonate suggest a Ca trophic level 47 
effect, namely a lowering in δ44/40Ca of ~1 ‰ per trophic level in marine environment 48 
(Skulan et al., 1997; Clementz et al., 2003; DePaolo, 2004), but such effect is not convincing 49 
between herbivores and carnivores, and at the higher end of the food chain in terrestrial 50 
environment (Chu et al., 2006; Reynard et al., 2010; Heuser et al., 2011). The larger Ca-51 
isotope variability but lower delta values in human bones relative to fauna at some 52 
archaeological sites may result from more complicated processes (e.g. Ca metabolism) than 53 
trophic level effects (Skulan and DePaolo, 1999; Reynard et al., 2010). A comprehensive 54 
understanding of physiological and environmental controls on Ca isotope fractionation in 55 
different skeletal tissues will allow us to reliably extract the environmental signals potentially 56 
carried by Ca-isotopes. Improvements in Ca-isotope methodology will help to reveal further 57 
details of natural Ca isotopic variabilities and hence are critical to assess fully the potential of 58 
using Ca isotopes as a geochemical proxy. 59 
Ca isotopic ratios have conventionally been measured by TIMS due to its high sensitivity 60 
and an external precision of ~ 0.15 – 0.30 ‰ (2SD) in δ44/40Ca has been achieved using the 61 
double spike (commonly 42Ca – 48Ca or 43Ca – 48Ca DS) technique (e.g. Russell et al., 1978; 62 
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Skulan et al., 1997; Heuser et al., 2002; Huang et al., 2012; Lehn and Jacobson, 2015), 63 
through recent Ca isotope analyses (δ44/40Ca) using an optimized 42Ca – 43Ca DS showed an 64 
external 2SD of 0.04 ‰ (Lehn et al., 2013). Such TIMS analyses are accurate and precise, 65 
but have required prolonged sample preparation and running time. An alternative, more rapid 66 
approach using MC-ICPMS was then developed with Ca isotopic data corrected for mass bias 67 
using the standard-sample bracketing technique (Halicz et al., 1999; Wieser et al., 2004; Chu 68 
et al., 2006; Hirata et al., 2008; Reynard et al., 2010). However, compared with TIMS, Ca 69 
work by MC-ICPMS faces a big challenge: interference of Ar-species ions from the plasma 70 
on Ca isotopes (e.g. 40Ar+ on 40Ca+). Most hydrocarbon interferences, even those on minor Ca 71 
isotopes are resolvable at medium to high resolution on MC-ICPMS, though.  72 
Earlier Ca-work by MC-ICPMS avoided this issue by not measuring 40Ca, so reporting 73 
data as δ44/42Ca with 0.1 – 0.2 ‰ (2SD) using sample-standard bracketing (Halicz et al., 1999; 74 
Wieser et al., 2004). This is equivalent to 0.2 – 0.4 ‰ (2SD) on δ44/40Ca. Due to 88Sr2+ 75 
interference on 44Ca, the removal of Sr is very important for MC-ICPMS analysis of Ca 76 
isotopes. Introducing sample as a dry aerosol to the plasma and chemical purification prior to 77 
measurement, have been found to contribute to minimizing isobaric interferences and 78 
systematic drift due to matrix differences (Halicz et al., 1999; Wieser et al., 2004; Chu et al., 79 
2006; Reynard et al., 2010, 2011). In practice, the one-step chemical separation of Ca from Sr 80 
and the rest of the matrix (Wieser et al., 2004) requires columns with extreme length/diameter 81 
ratio (≥ 50), making both separation and column cleaning very slow and difficult. Although 82 
some argue that the use of Sr-specific resin only to remove the Sr ions from carbonate 83 
solutions is sufficient to avoid interference and matrix effects (Brazier et al., 2015), the 84 
difficulty of the chemical purification for MC-ICPMS depends on the complexity of samples 85 
(Tipper et al., 2008). The two column procedure (e.g. Chu et al., 2006; Hirata et al., 2008; 86 
Reynard et al., 2010), or the three-step separation (Tipper et al., 2008; Tacail et al., 2014), or 87 
even the four-step purification scheme (Schiller. et al., 2012), which involve the step 88 
separation of Ca from Sr and the rest of the matrix, is costly and time-consuming. More 89 
importantly, Ca isotope fractionation can occur during column chemistry if Ca recovery is not 90 
nearly 100 % (Russell and Papanastassiou, 1978). It is therefore desirable to minimize 91 
chemical purification to avoid biasing Ca isotopic measurements.  92 
Another strategy is to make direct δ44/40Ca measurements by MC-ICPMS using the cold 93 
plasma technique (Fietzke et al., 2004) or using reaction/collision cells to eliminate 40Ar ions 94 
(Palacz, 2004). However, the cold plasma (500W) technique does not completely eliminate 95 
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40Ar+ and requires careful sample matrix matching to minimize the changes in sensitivity and 96 
mass bias due to matrix changes (Fietzke et al., 2004). On the other hand, a MC-ICPMS, such 97 
as the GV Instrument IsoProbe can theoretically allow precise measurements of 40Ca because 98 
it has a collision cell where a small flow of H2 is introduced to neutralize 40Ar+ via charge 99 
transfer  (Palacz, 2004). However, such mass spectrometers are discontinued, so not widely 100 
available any more.  101 
Calcium isotope data by MC-ICPMS are often corrected for mass bias using a standard-102 
sample bracketing technique that works on the assumption that sample and bracketing 103 
standards experience the same mass bias and that mass fractionation during an analysis is 104 
fairly constant. However, this assumption may not always hold true because subtle variations 105 
in the matrix between samples and standards can cause change in the instrumental sensitivity 106 
and mass bias.  107 
As an alternative to the standard-sample bracketing technique, the standard addition 108 
method has recently been used to correct MC-ICP-MS Ca isotopic data (Tipper et al., 2008). 109 
This method is designed to analyse solutions with significantly different matrix to the 110 
standard matrix. Despite the advantage in getting high precision and accuracy (e.g. seawater 111 
δ44/42Ca of 0.93 ± 0.05 ‰, 2SD, n = 7, by Tipper et al. (2008)), this method is very 112 
complicated and time-consuming. The success of this technique requires correct performance 113 
in each analytical step. Such a complexity in standard addition technique limits its wide 114 
application in MC-ICPMS analysis for stable isotopes. 115 
Others proposed to take advantage of both TIMS and high resolution (HR) MC-ICPMS to 116 
obtain precise and accurate data on a complete range of Ca isotopes for a single sample, with 117 
42Ca to 48Ca measured on HR MC-ICPMS and 40Ca to 44Ca on TIMS (Schiller et al., 2012). 118 
This technique is particularly useful for determining mass-independent effects on small Ca 119 
isotopes (e.g. 46Ca) because HR MC-ICPMS (such as Neptune plus) can produce long-lasting 120 
stable ion beams for even minor Ca isotopes. 121 
While significant efforts have been made in order to improve the precision and accuracy 122 
of Ca isotopic data by MC-ICPMS, less has been done to improve the efficiency of TIMS Ca 123 
isotopic analysis, in part because DS-TIMS analysis is a well-established method. In this 124 
study, we first report high-precision TIMS Ca isotopic measurements (40Ca, 42Ca, 43Ca, 44Ca 125 
and 48Ca) of five different Ca isotopic standards and tooth enamel (bio-apatite), using the 126 
following improved techniques: 1) laser-cutting for high-precision microsampling; 2) 127 
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simplified sample preparation with no ion exchange chromatography; 3) parafilm-dam 128 
loading technique that profoundly reduces the in-run fractionation and prevents 129 
mixing/unmixing between different Ca reservoirs on a Re-filament; 4) 1010 Ω resistor on the 130 
collector that measures 40Ca, allowing good signals on small Ca isotopes (42Ca  = 1.5×10-3 nA 131 
and 48Ca = 0.5×10-3 nA); 5) 42Ca–48Ca double spike and a Matlab model for mass 132 
fractionation correction. We also present the first microsampled Ca isotope profile in modern 133 
human tooth enamel to evaluate the physiological controls on Ca isotopes. Data from our 134 
study should help to interpret the large Ca-isotope variability indicated in bones at some 135 
archaeological sites (Reynard et al., 2010). 136 
2 Materials and method development 137 
2.1 Tooth enamel sample and standards 138 
A third molar (named CLW2) of a Chinese female that mineralized during her adolescent 139 
life (approximately 11-14yrs) was donated and made into a thick section with a thickness of 140 
80 µm. The thick section was made using Crystalbond Adhesive (509 Clear) with a low 141 
melting point (121°C) and soluble in acetone, allowing the extraction of laser-cut enamel 142 
microsamples via gentle heating.  143 
Five Ca isotopic standards were analysed in this study, including one primary standard 144 
SRM 915b, and four secondary standards: (1) HPSnew (high purity Ca solution, lot no. 145 
1213234) from Greyhound Chromatography Ltd; (2) Fisher07 (code J/8010/08) from Fisher 146 
Scientific Ltd; (3) SRM 1486 (bone meal) and (4) Durango apatite, a fission track age 147 
standard from Durango City, Durango, Mexico (Young et al., 1969; McDowell et al., 2005). 148 
HPSnew and Fisher07 were purchased as calcite solutions (Ca concentration: 1000 mg/l). 149 
Weighed SRM 915b (powder) and Durango apatite (fragments) were dissolved in 150 
concentrated HNO3 and heated to dryness, followed with dissolution in 18.2 MΩ·cm H2O. 151 
SRM 1486 (bone meal) was first treated with concentrated HNO3 and H2O2 to remove the 152 
collagen, and then heated to dryness and made into Ca solution with 18.2 MΩ·cm H2O. All 153 
the standard solutions have a Ca concentration of 1000 ± 3 mg/l and analysed for Ca isotopes 154 
by TIMS without chemical purification. 155 
2.2  Laser micro-sampling of (bio) apatite 156 
A RESOlution M-50 193 nm laser-ablation system (Muller et al., 2009) at Royal 157 
Holloway University of London (RHUL) was used to cut enamel microsamples along the 158 
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enamel-dentine junction (EDJ) of the tooth section. The laser operating conditions were 20 159 
Hz repetition rate, ~ 9 J/cm2 laser fluence, 20 µm spot size, 20 µm/sec scan speed and 20 160 
passes to ensure complete cutting through the enamel. . The cutting strategy of the modern 161 
wisdom tooth CLW2 is shown in Fig. 1. Two long laser tracks (blue line) were placed along 162 
the enamel-dentine junction (EDJ, white line) with an offset of 180 µm, and short laser tracks 163 
(blue lines) across these two lines at an interval of 500 µm. It allowed the retrieval of 164 
rectangular-shaped microsamples (180 ×500 µm, 10 – 20 µg apatite each) corresponding to a 165 
discrete interval of growth.  It is a trade-off between microsampling resolution and reasonable 166 
sample size for separation, cleaning and Ca isotopic analysis. After laser cutting, the thick 167 
section was placed on a ceramic tile preheated at ~ 120 °C for 5-10 mins, which was then 168 
examined under a binocular microscope. The mild heat from the tile softened the crystal bond 169 
for ~ 5 mins, allowing microsamples to be transferred to individually pre-cleaned 3ml PFA 170 
vials filled with acetone using fine tweezers or needles. Crystalbond Adhesive was removed 171 
ultrasonically in acetone, and microsamples rinsed with H2O several times and left to dry in a 172 
clean hood. They were then dissolved in 300 µl concentrated HNO3 in new pre-cleaned vials 173 
and evaporated to dryness. A few µl 18.2 MΩ·cm H2O were added to make 1 µg/µl Ca 174 
solutions. An aliquot of 2 µl solution (containing 2 µg Ca) from each vial was mixed with 175 
4.62 µl DS solution (80.9 µg/ml Ca) and loaded on a single degassed Re-filament for TIMS 176 
analysis. 177 
In order to test for any laser-cutting induced mass fractionation on Ca isotopes, Durango 178 
apatite solutions, prepared using two separate methods, were analysed by TIMS. The first 179 
solution (Ca = 1000 mg/l) was made by direct dissolution of a clean piece of weighed 180 
Durango apatite. The subsequent solutions were prepared using the Durango pieces (namely 181 
A1, A2, B1, B2 & C) that were laser-cut from a 100 µm thick section (Fig. 2), following the 182 
same laser settings as for tooth enamel. Areas A1 and A2 were additionally covered by laser 183 
tracks to magnify any potential laser-related Ca mass fractionation. The apatite pieces were 184 
separated, cleaned and dissolved in the same way as tooth enamel microsamples before being 185 
diluted to 1000 mg/l Ca nitrate solution with 18.2 MΩ·cm H2O.  186 
2.3 Improved TIMS loading technique 187 
Loading was performed using a parafilm dam technique that has been applied for TIMS 188 
loading by Holmden and Bélanger (2010), Lehn et al. (2013) and Lehn and Jacobson (2015).  189 
A pair of parafilm dams with a distance of ~ 1 mm between them was built on to the centre of 190 
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each out-gassed single Re filament at 0.5 A. About 1 µl of TaF5-H3PO4 emitter was then 191 
loaded between the dams before small increments of sample solution (~ 2 µg Ca in total) 192 
were loaded. The surface tension that the parafilm dams created held the emitter – sample 193 
mixture within the dams and therefore minimized sample spread to ≤ 1 mm. Once the loaded 194 
sample was dry, the current was gradually brought up to 2.2 – 2.3 A, at which most filaments 195 
glowed.  196 
The loading blank of our approach is ~ 1 ng, negligible to the 2 µg Ca load. This 197 
approach effectively reduces the in-run fractionation of 40Ca/44Ca (measured) on single Re-198 
filaments to as low as 0.7 % and no higher than 5 % in rare cases when the spread reaches ⅓ 199 
of the filament length (3-4 mm). For comparison, regular loading on single Re-filaments 200 
without parafilm dams in our study can spread from ⅓ to over ½ of the filaments, and tends 201 
to have an in-run fractionation of up to 9 % for measured 40Ca/44Ca ratios (Supplementary 202 
material A). With such a large range of fractionation, there is a possibility of mixing between 203 
Ca reservoirs with different fractionation history on the filament (Hart and Zindler, 1989). 204 
Despite the fact that triple Re-filaments have extremely small in-run isotope fractionation on 205 
Ca (~ 0.5 %, Huang et al., 2012), they require a prolonged filament warm-up procedure and 206 
fail easily. The parafilm loading on single Re-filaments is therefore a faster and simpler 207 
method for TIMS Ca isotopic analysis.  208 
2.4 TIMS running conditions for Ca isotopic analysis 209 
Ca isotopic ratios were measured using a IsotopX Phoenix-X62 TIMS at RHUL. Ca 210 
isotopes were measured in a static mode in two sequences with 40Ca, 42Ca, 43Ca and 44Ca 211 
collected in the first sequence, and 44Ca, 46Ca and 48Ca in the second sequence 212 
(Supplementary material B). 41K was measured to correct for any 40K interference on 40Ca, 213 
using the 40K/41K ratio of 0.0017384, but 40K correction on 40Ca was only 1 – 2 ppm. No 214 
doubly charged 87Sr2+ or Ti ions were observed in our samples. With 1 – 2 µg Ca load, 40Ca 215 
signal was constrained to a 1.5 – 2 nA window using a 1010Ω resistor on collector L5. Each 216 
sample run contains 14 blocks, 10 cycles each, with 10s integration time for each peak. 217 
Baselines were measured individually in each cycle at mass 47.5 with 10s integration time 218 
before and after each peak. 219 
2.5 Double spike calibration and mass fractionation correction algorithm 220 
A 42Ca–48Ca double spike (DS) solution was prepared from two single isotopically 221 
enriched carbonates, Ca42-LO (42Ca: 94.4 %) and Ca48-SM (48Ca: 97.8 %) from Oak Ridge 222 
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National Laboratory (ORNL, USA). These were dissolved in 2 % HNO3, and mixed in such a 223 
way that the 48Ca/42Ca ratio (~1.496) in the double spike solution is very close to the optimal 224 
value of 1.569 for a similar ORNL 42Ca–48Ca double spike of Rudge et al., (2009), with the 225 
objective of minimizing the propagated errors on mass-fractionation corrected Ca isotopic 226 
ratios.  227 
The Ca isotopic composition of the double spike (excluding 46Ca/40Ca) in Table 1 was 228 
determined using combined IsoProbe MC-ICPMS and TIMS measurements. We used HPSnew 229 
as a bracketing standard to correct measured IsoProbe 42Ca/44Ca and 43Ca/44Ca for mass bias. 230 
These are regarded as the true isotopic ratios of our DS because internally-normalized values 231 
for these ratios are accurate relative to TIMS.  They are shown as I42 and I43 in Fig. 3. The 232 
high loading blank (20 ng from an old emitter compared with only 1ng with new emitter) 233 
compromised the TIMS measurements of DS, so TIMS data represent blank-DS mixtures, 234 
and offset from isotopic mixing lines by the instrumental mass fractionation. In a 3-isotope 235 
plot of 42Ca/44Ca vs. 43Ca/44Ca, a mixing line is defined by the true unspiked natural sample 236 
(in this case the blank) and the true DS. We use the accepted natural Ca isotopic ratios from 237 
DePaolo (2004) as the true Ca isotopic ratios of the blank and the mass-bias corrected 238 
IsoProbe ratios as the true 42Ca/44Ca and 43Ca/44Ca of the DS (Fig. 3a). The intersection of the 239 
mixing line with the TIMS fractionation line gives the fractionation-corrected 42Ca/44Ca and 240 
43Ca/44Ca for the blank-DS mixtures measured on TIMS (Fig. 3a). Once the normalized 241 
42Ca/44Ca ratio of the blank-DS mixture was established by this procedure, normalized 242 
40Ca/44Ca and 48Ca/44Ca ratios were calculated from the respective measured TIMS ratios 243 
(shown as T40 and T48 in Fig. 3b & 3c). Since the normalized 42Ca/44Ca of the spike is known 244 
from the IsoProbe data, mixing lines between the natural Ca and the normalized blank-DS 245 
mixture define the other true Ca isotopic ratios (40Ca/44Ca and 48Ca/44Ca, shown as I40 and I48 246 
in Fig. 3b & 3c) in the double spike. Note that the isotopic ratios of our DS obtained from the 247 
above method (Fig. 3 & Table 1) are not absolute values because they are based on a standard 248 
(HPSnew) whose absolute 42Ca/44Ca ratio is unknown but assumed to be the DePaolo (2004) 249 
value. However, these values are close enough to the true ratios and will not affect the delta 250 
values.  251 
For sample analysis, sample-DS mixtures were adjusted to have an optimum sample/ 252 
spike molar ratio close to 86:14 (Rudge et al., 2009). Measured Ca isotopic ratios of sample-253 
spike mixtures were corrected off line for mass fractionation using a Matlab model 254 
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(Supplementary material C). This model resolves iteratively the true 40Ca/44Ca, 48Ca/44Ca, and 255 
42Ca/44Ca ratios of the sample and mixture using the true spike isotopic ratios (40Ca/44Ca, 256 
48Ca/44Ca, and 42Ca/44Ca), the measured 40Ca/44Ca, 48Ca/44Ca, and 42Ca/44Ca ratios of the 257 
mixture and the sample (we use values from DePaolo (2004) for the sample as first part of 258 
iteration). The correction model is based on two assumptions: 1) Ca mass fractionation 259 
follows exponential law and 2) the true isotopic ratio of the mixture should fall on the line 260 
defined by true DS and true sample isotopic ratios in a 3-isotope diagram. The detailed 261 
equations used in the model and the iteration are shown in Supplementary material C. The 262 
true isotopic ratios of minor isotopes (43Ca/44Ca and 46Ca/44Ca) of the sample and mixture can 263 
then be calculated using the same mass bias obtained from the true 40Ca/44Ca and measured 264 
40Ca/44Ca ratios.  265 
2.6 Ca isotopic analysis of natural apatite and aragonite by LA-MC-ICPMS 266 
Additional tests on spatially-resolved Ca isotopic analysis (including 40Ca) were also 267 
conducted directly in solid samples of Durango apatite and Tridacna aragonite thick sections 268 
(100 µm) using the GV IsoProbe MC-ICPMS coupled to an ArF (193nm) excimer LA system 269 
at RHUL (Muller et al., 2009). The IsoProbe MC-ICPMS allows direct measurements of 40Ca 270 
because its hexapole collision cell with a small bleed of H2 gas (0.8 ml/min) can eliminate the 271 
Ar-species interferences. Such in-situ Ca isotopic (including 40Ca) analysis by LA-MC-272 
ICPMS is used for direct comparison with corresponding TIMS data. Durango apatite and 273 
Tridacna aragonite were analysed with calcite SRM 915b pressed powder pellet as a 274 
bracketing standard. The operating conditions of the LA-MC-ICPMS and the cup 275 
configurations are provided in Supplementary material D.  276 
3 Results and discussion 277 
3.1 Internally-normalized Ca-isotopic ratios of unspiked samples  278 
Standards SRM 915b, HPSnew, Fisher07, SRM 1486 (bone meal), and Durango apatite 279 
show no significant difference between them in their internally-normalized Ca isotopic ratios 280 
to 42Ca/44Ca of 0.31221 (DePaolo, 2004, Table 2 & Fig. 4). A total 64 measurements of the 281 
five standards obtained over 15 months result in average 40Ca/44Ca of 47.161 ± 0.011; 282 
43Ca/44Ca of 0.064866 ± 0.000005, 46Ca/44Ca of 0.001515 ± 0.000006 and 48Ca/44Ca of 283 
0.088687 ± 0.000037 (errors are 2SD). These data show uncertainties smaller than do the 284 
most recently published TIMS Ca isotopic data (Huang et al., 2012), and are consistent with 285 
the values of DePaolo (2004). Identical internally-normalized Ca isotopic ratios, achieved for 286 
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calcite, natural apatite and bioapatite without chemical separation (Fig. 4), suggest no need of 287 
chemical purification for TIMS Ca isotopic analysis on these materials. It should also be 288 
pointed out that these samples are 38 – 39 % Ca by weight, making it possible to skip the 289 
chemical separation step. For samples with lower Ca concentrations, however, chemical 290 
separation/purification is still necessary and will help to improve the precision of the 291 
measurements. 292 
Ion exchange chromatography can efficiently remove ions from samples that can 293 
potentially cause interferences on Ca isotopes (e.g. 88Sr2+ on 44Ca). This approach is more 294 
critical for MC-ICPMS Ca isotopic analysis than TIMS because more interferences (such as 295 
hydrocarbons,oxides and doubly-charged ions) are present in the hot plasma (~ 6000 °C). For 296 
TIMS analysis, mass 43.5 (of 87Sr2+) was monitored to check for doubly charged Sr 297 
interferences, although the much higher second ionization energy of Sr (compared with the 298 
low first ionization energy of Ca) would suggest this to be unlikely (Supplementary material 299 
B). As shown in Fig. 5, 88Sr2+ interference on 44Ca+ is negligible because measured raw TIMS 300 
m43.5/m44 ratios of Ca isotopic standards range between -6×10-6 to 6×10-6 and have no effect 301 
on the raw measured ratios of m40/m44. In contrast, the m43.5/m44 (87Sr2+/44Ca) ratios, 302 
measured on both solution and laser mode by IsoProbe MC-ICPMS, are as high as 2×10-3 in 303 
Tridacna aragonite, Durango apatite, and Ca isotopic standards. This requires accurate 304 
correction. Alghough the IsoProbe MC-ICPMS allows measurements of 40Ca – 46Ca with Sr2+ 305 
interferences monitored at mass 43.5, it requires a magnetic field jump. It is also difficult to 306 
correct for 46Ti interference on 46Ca, as possible monitor isotopes have similar abundance to 307 
46Ti, and cannot be accommodated with only two jumps in magnetic field (Supplementary 308 
material D & E). Because of partially resolved hydrocarbon interferences, the usable peak 309 
flats are quite narrow (0.01 – 0.02 amu, Supplementary material E), and thus the field jump 310 
may result in variation in the amount of interference that cannot be corrected. The difficulty 311 
of correcting for Ti interference means that it must be removed by ion exchange chemistry 312 
before analysis.  313 
3.2 Double spike corrected δ44/40Ca  314 
All measured Ca isotopic ratios of standards and samples were corrected using the DS 315 
Matlab model (Supplementary material C). The 16 spiked primary standard SRM 915b 316 
measurements (Table 3) give an average DS-corrected ratio of 47.236 ± 0.011 for 40Ca/44Ca, 317 
0.312477 ± 0.000036 for 42Ca/44Ca, and 0.088585 ± 0.000019 for 48Ca/44Ca (all errors are 318 
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2SD). These values are different from the internally-normalized Ca isotopic ratios of the 319 
unspiked SRM 915b (Table 2 & Fig. 4), but they are used for the calculation of δ-values of 320 
secondary standards and samples. Because our primary standard (SRM 915b), secondary 321 
standards and samples were corrected in the exactly the same way, the delta values are 322 
absolute and independent of both DS and SRM 915b Ca isotopic composition used to 323 
calculate them. The delta notation is expressed as δ44/40Ca relative to SRM 915a, using the 324 
conversion equation δ44/40CasampleSRM 915a = δ44/40CasampleSRM 915b + δ44/40CaSRM915bSRM 915a. The 325 
value of δ44/40CaSRM915bSRM 915a is 0.72 ‰, determined by Heuser & Eisenhauer  (2008). 326 
The average DS-corrected δ44/40Ca values of HPSnew, Fisher 07, Durango apatite and 327 
SRM 1486 (bone meal) are shown in Table 3 and plotted in Fig 5.  HPSnew and Fisher07 328 
show average δ44/40Ca values of 0.70 ± 0.18 ‰ (2SD, n = 12) and 1.03 ± 0.20 ‰ (2SD, n = 329 
11), respectively. Durango apatite solutions made from both laser-cut (A1, A2, B1, B2 and C) 330 
and the non-laser cut pieces yield an average δ44/40Ca (0.70 ± 0.17 ‰, 2SD, n = 15) identical 331 
to that of HPSnew. The average δ44/40Ca value of SRM 1486 (bone meal) is -1.03 ± 0.19 ‰ 332 
(2SD, n = 9). The delta values of Ca isotopic standards HPSnew, Fisher 07 and bone meal in 333 
Fig. 6 fall well within published data ranges and averages (Heuser and Eisenhauer, 2008; 334 
Reynard et al., 2010; Heuser et al., 2011; Tacail et al., 2014), validating our analytical 335 
method and DS-correction technique. Our external reproducibility of ~ 0.20 ‰ (2SD) on 336 
δ44/40Ca values is similar to that achieved on HPSnew and Fisher07 using MC-ICPMS 337 
(Reynard et al., 2010), and on SRM 1486 (bone meal) using both TIMS and MC-ICPMS 338 
(Heuser and Eisenhauer, 2008; Heuser et al., 2011; Tacail et al., 2014). 339 
3.3 δ44/40Ca of Durango apatite 340 
3.3.1 TIMS analyses  341 
Eight TIMS analyses of Durango apatite solution made of non-laser cut pieces give an 342 
average δ44/40Ca of 0.70 ± 0.21 ‰ (2SD). The δ44/40Ca values of laser-cut Durango apatite 343 
fragments (A1, A2, B1, B2 and C) vary slightly from 0.60 ± 0.06 ‰ (2SE) to 0.80 ± 0.10 ‰ 344 
(2SE). The two pieces with large laser-induced surface damage (A1 and A2) show similar 345 
values within the error to the other 3 fragments without any surface laser damage (Fig. 6).  346 
The large error bars on fragment B2 (and B2_re) are simply a consequence of short analysis 347 
of a small Ca loading (~1µg). Overall, the five fragments give an average δ44/40Ca of 0.70 ± 348 
0.13 (2SD), in excellent agreement with that of the non-laser cut Durango apatite solution. 349 
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This suggests negligible laser-induced mass fractionation on Ca isotopes in apatite using our 350 
laser-cutting method. This is not too surprising considering the small laser-effected areas 351 
(edges and shallow surface) being only 1/50 of the large volume of the sample fragments. 352 
Also, such effects are not expected and have not been demonstrated before. 353 
3.3.2 For	   precise	   micro-­sampling,	   our	   laser-­cutting	   method	   offers	   more	  354 
advantages	   over	   micromilling	   (Charlier	   et	   al.,	   2006).	   Similar	   laser	  355 
microsampling	   approach	  has	  also	  been	  applied	   to	   achieve	   spatial	   control	  356 
for	  in-­situ	  Rb-­Sr	  dating	  of	  mineral	  phases	  in	  fine-­grained	  rocks	  (Egli	  et	  al.,	  357 
2015).	   The	  wet-­micromilling	   in	   a	  water	  drop	  presented	  by	  Charlier	   et	   al.	  358 
(2006)	  produces	  powder	  samples	  that	  can	  more	  easily	  be	  contaminated	  by	  359 
Ca	  from	  the	  background	  during	  handling	  and	  are	  difficult	  to	  clean.	  On	  the	  360 
other	   hand,	   the	   automated	   laser-­cutting	   process	   is	   faster	   and	  minimizes	  361 
material	   loss;	   and	   laser-­cut	   fragments	   are	   easier	   to	   handle,	   clean	   and	  362 
maintain	   	   low	   handling	   errors.	   Additionally,	   for	   cutting	   intricate	   shapes	  363 
such	  as	  growth	  lines	  particularly	  in	  small	  bio-­apatite	  (e.g.	  enamel	  cuboids),	  364 
the	  laser	  beam	  allows	  more	  controlled	  cutting	  of	  complex	  shapes	  of	  almost	  365 
any	   size,	   (e.g.	   isochronally	   cutting	   along	   the	   Retzius	   lines),	   a	   great	  366 
improvement	  over	  previous	  micromilling.LA-MC-ICPMS analysis 367 
The measured ratios (42Ca/44Ca, 43Ca/44Ca and 40Ca/44Ca) of Tridacna aragonite and 368 
Durango apatite after Sr correction for a single day analysis by LA-MC-ICPMS are presented 369 
together with the bracketing standard SRM 915b pellet in Fig. 7. Tridacna aragonite and 370 
Durango apatite clearly show higher measured ratios than SRM 915b. The three materials do 371 
not show consistent measured ratios during the one-day course of analysis. 372 
The measured ratios 40Ca/44Ca and 42Ca/44Ca of Tridacna aragonite decreased after the 373 
introduction of standard SRM 915b with lower measured Ca ratios (Fig. 7). Measured 374 
43Ca/44Ca ratios do not show any obvious change because 43Ca is such a minor isotope 375 
resulting in large relative ratio uncertainties. Similar effects, although to a less degree, can 376 
also be seen in the measured Durango apatite ratios for the same reason (e.g. matrix 377 
mismatch between calcite and apatite). This effect can not be a memory issue because gas 378 
blanks between samples have overall consistent 40Ca/44Ca ratios and have 40Ca intensity 4000 379 
times less than that of the sample. It is also not caused by Sr2+ or other interferences because 380 
these ratios have been already corrected for Sr interference and the internally-normalized Ca 381 
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isotopic ratios over one day of analysis are constant (Supplementary material E). Hence, our 382 
LA results indicate that the change of matrix between aragonite and calcite and between 383 
calcite and apatite has caused changes in instrumental sensitivity and mass bias. Matrix match 384 
is therefore a must for laser ablation analysis.  385 
The average δ44/40Ca of Durango apatite corrected using the standard-sample bracketing 386 
technique is -1.82 ± 0.46 ‰ (2SD, n = 4), relative to SRM 915a. This value is very different 387 
from the average value (0.70 ± 0.17 ‰, 2SD, n = 15) of the same Durango apatite obtained 388 
from TIMS analysis. The large discrepancy between our TIMS and LA-MC-ICPMS data of 389 
the same Durango apatite is mainly due to the inaccuracy of the latter, possibly caused by 390 
matrix effects. However, TIMS analysis of Durango apatite (including laser-cut and non-laser 391 
cut pieces, see Fig. 6) has demonstrated its homogeneity in Ca isotopes, so it might have a 392 
potential to become an in-house apatite standard for LA-MC-ICPMS analysis on Ca isotopes.  393 
Other workers have also attempted to measure in-situ Ca isotope variations (δ44/42Ca and 394 
δ43/42Ca) in tooth enamel by High Resolution (HR)-LA-MC-ICPMS, using sintered SRM 395 
1400 (bone ash) and sintered powder synthetic apatite (doped or not with Sr) as LA standards 396 
for close matrix match (Tacail et al., 2015). Despite careful tuning of instrumentation and 397 
extensive correction for Sr interferences, the external reproducibility (2SD) on δ44/42Ca is 398 
between 0.51 ‰ to 1.16 ‰ for 4 and 200 measurements (Tacail et al., 2015). This is 399 
equivalent to 1.02 – 2.32 ‰ (2SD) on δ44/40Ca, and hence the delta values areunable to reflect 400 
any intra-enamel variations at this scale. In-situ Ca isotope analysis by LA- MC-ICPMS, 401 
although fast and the least destructive to precious samples, is still far away from reaching the 402 
precision and accuracy already achieved by TIMS and MC-ICPMS. 403 
3.4 TIMS δ44/40Ca profile of a modern human third molar 404 
Ca isotopic data of microsamples extracted from the enamel of a modern human third 405 
molar are shown in Table 4 and Fig. 8.  The values of δ44/40Ca vary from -0.71 ± 0.03 ‰ to 406 
0.03 ± 0.05 ‰ (2SE). The 0.74 ‰ range is three times larger than the external reproducibility 407 
(0.20 ‰), and thus considered significant. The δ44/40Ca value initially increases from -0.55 ‰ 408 
to -0.02 ‰ at age ~ 11.5 before it drops to -0.71 ‰ at age ~ 12. It then rises to around -0.15 409 
‰ just after age ~ 12.5 and remains essentially invariant until age ~ 14. The age estimates are 410 
explained below. 411 
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The analysed wisdom tooth is the lower left third molar (tooth code: 38) of a female 412 
individual from Central China. On the basis of radiographs, the development and 413 
mineralization of third molars in Chinese females (Han people) begin at the age of 11 ± 1, 414 
while crown formation (including enamel and dentine) is completed at the age 14 ± 1 (Bai et 415 
al., 2008; Zeng et al., 2010); these ages overall are in line with the comprehensive human 416 
tooth development atlas developed recently by AlQahtani et al. (2010). This female lived a 417 
stable life with a balanced diet in a medium-sized city near Central China during childhood 418 
and adolescence (age 0 – 17), so should be consistent with the above statistics. Due to the 419 
slight incompleteness at the bottom of the right-side enamel (Fig. 8), we assume that the 420 
above δ44/40Ca profile is likely to represent a time period between the age of 11 and 14. When 421 
taking into account the size of each microsample (180 × 500 µm), we assign a very 422 
approximate interval of ~ 6 months to each of the right enamel microsamples (1R to 6R), and 423 
~ 3 – 4 months to each of the 9 left microsamples (1L to 9L). It should be pointed out that 424 
tooth enamel grows non-linearly with more time presented towards the roots, the above age 425 
estimations are only approximate between the two known end members of age (11 & 14 yrs). 426 
Also, microsamples 3R and 3L were not plotted in Fig. 8 because the former was lost during 427 
sample preparation and the latter and its repeat (3L_Re) have very small sample weight so are 428 
very short runs with large errors (Table 2). 429 
Tooth mineralization can reflect the physiological state of humans (e.g. birth, weaning, 430 
puberty, diseases, FitzGerald et al., 2006). The third molars mineralize during the 431 
adolescence and therefore ideally reflect physiological changes in puberty. Girls on average 432 
begin puberty at ages ~11, followed by a pubertal growth sprout for 3 years, and complete 433 
physical maturity by age ~15 – 16 (Theintz et al., 1992; Kail and Cavanaugh, 2010). Puberty 434 
has a fundamental role in bone mass growth. The need of Ca is greatly increased in puberty 435 
(Saggese et al., 2002). Dietary Ca absorption and Ca retention are found to peak during early 436 
puberty (11 - 12yrs) and then reduced in late puberty (Abrams and Stuff, 1994). Bone 437 
turnover (including both bone formation and resorption), reflected by biomarkers, also 438 
reaches maximum during accelerated pubertal growth (Blumsohn et al., 1994). Maximal bone 439 
mass accretion is found to occur later in puberty (Cadogan et al., 1998; Saggese et al., 2002). 440 
Menarche is a single event in the combination of girls’ physical changes during puberty, and 441 
its associated female hormone oestrogen has shown to facilitate bone accretion in early 442 
puberty (Boot et al., 1997; Cadogan et al., 1998). 443 
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Skulan and DePaolo (1999) first presented a Ca isotope transport model for vertebrates 444 
that illustrates Ca isotope fractionation along Ca pathways. According to this simple model, 445 
Ca isotope fractionation only takes place during bone mineralization, with a bone-diet 446 
difference (Δbone-diet) in δ44/40Ca of -1.3 ‰. However, Skulan et al. (2007) and Heuser & 447 
Eisenhauer (2010) found that isotope fractionation also occurs between soft tissue and 448 
excreted Ca in urine due to physiological processes in kidneys. Here, a combined Ca isotope 449 
transport model in mammals (Fig. 9) is present here, that is based on the orignal model of 450 
Skulan and DePaolo (1999), but with the later discovery on Ca isotope fractionation in 451 
excretions (Heuser et al., 2007; Skulan et al., 2007; Heuser and Eisenhauer, 2010), and the 452 
addition of tooth formation, to show an up-to-date understanding of Ca isotope fractionation 453 
during metabolism in mammals.   454 
Skulan and DePaolo (1999) suggested that Ca isotopic values of soft tissue and bone 455 
depend on dietary calcium use efficiency and bone mineral balance. During effective bone 456 
growth when large amount of dietary Ca is absorbed and fixed in bones, both bone and soft 457 
tissue will have much higher δ44/40Ca; and when bone loss is dominant, the isotopic 458 
composition of bone and soft tissue will be lighter. So, effective bone growth leads to a 459 
decrease of bone - diet offset (Δbone-diet) whereas net bone loss does the opposite. Taking a 460 
percent net Ca absorption of Ca of 30 – 36% during adolescence (Matkovic, 1991; Abrams 461 
and Stuff, 1994), model predicted bone δ44/40Ca increase due to fast skeletal growth could be 462 
0.4 – 0.5 ‰ when diet δ44/40Ca is fixed (Skulan and DePaolo, 1999; Reynard et al., 2013). For 463 
the analysed young Chinese female, if the dietary δ44/40Ca is mostly invariant in her pubertal 464 
period, bone δ44/40Ca should theoretically show an increasing trend in δ44/40Ca from early to 465 
late puberty. However, dietary change (e.g. milk-consumption) can easily cancel the growth 466 
contribution in bone δ44/40Ca because milk and dairy products have distinctly low δ44/40Ca 467 
(Chu et al., 2006). 468 
No studies have demonstrated the relationship among tooth, bone, diet and soft tissue 469 
δ44/40Ca ratios. The third molar calcification is poorly correlated with skeletal maturity and 470 
pubertal growth (Garn et al., 1962; Thompson et al., 1975; Krailassiri et al., 2002; Uysal et al., 471 
2004), despite the racial variations in the relationship predominantly caused by ethnic origin, 472 
climate, nutrition, urbanization and so on (Mappes et al., 1992). Only one study reported a 473 
statistically-strong correlation between lower third molar development, skeletal maturity and 474 
chronological age (Engström et al., 1983); however, their differentiation of third molar 475 
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developmental stage is too broad compared with the well-acknowledged eight stage of tooth 476 
calcification by Demirjian et al. (1973); and within each tooth calcification stage, variations 477 
in age and skeletal stage are too large to show the strong correlation convincingly. This is not 478 
surprising considering the different biomineralization mechanisms of enamel, dentin and 479 
bone. Enamel mineralization is controlled by ameloblasts, cells that secret calcium and 480 
phosphate from blood to form and then harden enamel crystals (Smith, 1998). However, the 481 
formation of dentin and bone is controlled by odontoblast (cell that deposit dentin) and 482 
osteoblast, cells that synthesizes matrix and arrange bone formation and remodelling (Boskey, 483 
2007). This biological difference between enamel and dentin is also shown by a Δdentin-enamel 484 
of 0.3 – 0.4 (Heuser et al., 2011). Enamel-bone offset in calcium isotope composition is 485 
probably on a similar scale as bone and dentin are quite similar in mineral and organic 486 
contents.  487 
The crown formation (enamel + dentin) of this third molar covers the periods of early 488 
puberty and the pubertal growth spurt, but doesn’t necessarily show accelerated growth 489 
pattern like bones for reasons mentioned above. While over 90% of the absorbed dietary Ca 490 
is used for building bones, a small portion of the dietary Ca is still used in tooth 491 
mineralization in adolescence. Calcium ions can be removed rapidly from blood stream into 492 
ameloblasts (ruffle-ended), possibly via Ca-blinding proteins, or passive ion exchange with 493 
Na+ through membrane, or active pumping with metabolic cost (Smith, 1998). At the start of 494 
the enamel formation (the onset of the puberty) when net bone growth is still small, soft 495 
tissue and diet should have very similar Ca isotope ratios and the bone-diet offset (Δbone-diet) 496 
very close to the steady state value (-1.3 – -1.5 ‰, Skulan and DePaolo, 1999; Reynard et al. 497 
2013). Bone and enamel have the same source Ca (intestinal Ca absorbed from diet); and 498 
enamel has a calcium isotope composition different by the enamel-diet offset (Δenamel-diet). The 499 
main factor in this period that can change enamel δ44/40Ca is likely to be its source – the diet.  500 
This female had a diet with dairy product intake (mainly formula milk) in her childhood, then 501 
changed in the beginning of her adolescence to a dairy-free, but otherwise balanced diet. 502 
According to Chu et al., (2006), a dairy rich, health diet containing all major food sources 503 
(vegetable/fruits, grains/cereal, meat and water) is 0.63 ‰ lighter than a dairy-free diet with 504 
balanced nutrition. Assuming a constant diet-enamel Ca isotope fractionation in humans, the 505 
above two diets would yield the same difference of 0.63 ‰ in enamel δ44/40Ca. These 506 
observed increase of 0.53 ‰ in δ44/40Ca is more likely the result of dairy-rich to dairy-free 507 
diet switch, rather than bone growth in this period   508 
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The drop of δ44/40Ca probably occurred at the age of 12 (Fig. 8), which coincides with this 509 
female’s menarcheal age. During this early stage of pubertal growth, when bone turnover and 510 
bone remodelling was fast, net bone formation should be more than the start of puberty, but 511 
less than the late puberty stage when bone mineral density was the highest. Bone and soft 512 
tissue probably had higher δ44/40Ca at this time than the onset of puberty. Ca isotope pool for 513 
third molar mineralization was likely to be regularly supplied with blood Ca, but ameloblast 514 
cells actively gate Ca ions selectively for very short period of time (seconds or milliseconds) 515 
repeatedly during enamel maturation. If there was no Ca isotope fractionation through active 516 
selection of Ca by amloblasts, the Ca isotope composition of enamel should be similar to the 517 
blood δ44/40Ca at the same time scale (over several hours, Skulan and DePaolo, 1999), and 518 
should show a slight increase in δ44/40Ca as more and more light Ca isotopes are secreted in 519 
the bones. However, tooth enamel showed a drop of δ44/40Ca by 0.73 ‰. This peculiarity may 520 
be related to the biologically controlled Ca movement by amloblasts. It might also be a result 521 
of physiological change – menarche and the effects of its associated female hormones (e.g. 522 
estrogen), or the complexity of the interaction between female hormones and tooth formation 523 
proteins. 524 
Based on data from just one individual, we cannot assume that this phenomenon is 525 
general. More δ44/40Ca data from third molars of both females and males are clearly needed to 526 
address this issue. Such a population study is beyond the scope of this paper. And finally, 527 
slightly higher, but essentially invariant δ44/40Ca between ages ~12.5 and 14 may suggest that 528 
the individual was eating a consistent mixed diet, and that her body was in a steady fast 529 
growing status with effective bone formation through mid-adolescence. 530 
On the other hand, using the diet-bone isotope fractionation of 1.3 ‰ in δ44/40Ca (Chu et 531 
al., 2006), the dairy-rich and dairy-free diets would result in bone δ44/40Ca of –2.34 ‰ and –532 
1.71 ‰, respectively. Tooth enamel δ44/40Ca may be even more negative than bone δ44/40Ca 533 
(Heuser et al., 2011). Two Ca isotope analyses of European female third molars by solution 534 
MC-ICPMS give a range of -1.81 –  2.08 ‰ (with 2SD varying from ± 0.2 to ± 1.27 ‰, 535 
Tacail et al., 2015). However, these values are more negative than the average δ44/40Ca of -536 
0.22 ‰ observed for this Chinese young female. This may indicate geographical variations in 537 
Ca isotopic ratios of food sources, caused by source bedrock, sediments and water with 538 
different calcium isotopic composition in different regions. However, there are very limited 539 
Ca isotopic data of different food sources in China.  540 
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In this individual case, the δ44/40Ca profile of tooth enamel can reveal information about 541 
an individual’s dietary structure, and more perhaps physiological effects on Ca isotope 542 
fractionation when knowing the individual’s life history. It may help identifying the time 543 
periods of minimal physiological influence (e.g. age ~12.5 – 14 in Fig. 8) for reliable 544 
interpretation of the environmental signals from δ44/40Ca profiles in fossil human teeth.  545 
4 Conclusions 546 
(1) Our newly-developed laser microsampling technique provides solid fragments (rather 547 
than powder) at the scale of tens of micrometres that facilitate easy cleaning and 548 
maintain low Ca contamination. It offers minimum material loss, great flexibility, and 549 
can constrain well sampling along the isochronous growth lines in biogenic phosphate 550 
or calcite samples (e.g. Retzius lines in tooth enamel).  551 
(2) No ion exchange chromatography is required for accurate and precise Ca isotopic 552 
analysis by TIMS on natural calcite and apatite because these materials without 553 
chemical purification show identical internally-normalized 40Ca/44Ca and 48Ca/44Ca 554 
ratios (to 42Ca/44Ca of 0.31221), consistent with the values of DePaolo (2004). 555 
(3) Parafilm dam loading can confine the sample spread to ~1 mm on a Re-filament and 556 
achieve an in-run fractionation on Ca of as low as 0.7 ‰, which reduces the chances 557 
of mixing between different Ca reservoirs on a single Re-filament. 558 
(4) The average 42Ca–48Ca double spike corrected δ44/40Ca of 0.70 ± 0.18 ‰ (2SD) for 559 
HPSnew, 1.03 ± 0.20 ‰ (2SD) for Fisher07 and -1.03 ± 0.19 ‰ (2SD) for SRM 1486 560 
(bone meal), relative to SRM 915a, agree well with the published data for these 561 
standards. 562 
(5) Identical TIMS δ44/40Ca values were obtained on Durango apatite solutions made from 563 
both laser-cut and non-laser cut fragments. This result indicates no detectable laser-564 
induced mass fractionation on Ca isotopes in such materials. 565 
(6) The δ44/40Ca profile of a modern human’s third molar reflects a pattern that doesn’t 566 
follow the relationship and box model of Skulan & Depaolo (1999) expected between 567 
diet, soft tissue and bone in their calcium isotopic composition during bone formation. 568 
However, it shows dietary effects and connection between key physiological change 569 
and Ca isotope excursion. A comprehensive understanding of physiological effects on 570 
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Ca isotope fractionation in modern fauna will help to extract reliable environmental 571 
records from δ44/40Ca profiles in fossil teeth. 572 
(7) Poor accuracy of IsoProbe MC-ICPMS analysis for Ca isotope ratios is caused by the 573 
following issues: a) The magnetic field jump, coupled with narrow interference-free 574 
peak flats, means that it is difficult to ensure a constant magnitude of hydrocarbon 575 
interference that can be corrected by on-peak zero subtraction; b) Ti interference (if 576 
not removed during chemistry) means that double spike mass fractionation corrections 577 
using 46Ca or 48Ca are untenable. Further, in-situ direct Ca isotope analysis of natural 578 
calcite, aragonite and apatite by LA-MC-ICPMS shows strong matrix sensitivity, and 579 
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List of Figures 588 
Fig. 1 Laser-cutting strategy of a thick-section from a modern human wisdom tooth (CLW2).  589 
Two long laser tracks (blue lines) were placed along the enamel-dentine junction (EDJ, white 590 
line) with an offset of 180 µm, and short laser tracks (blue lines) across these two lines at an 591 
interval of 500 µm. Rectangular microsamples (180 × 500 µm) were retrieved from this 592 
section: namely 1R – 6R from the right part and 1L – 9L from the left part. Unfortunately, 593 
several of the left-side microsamples were broken and lost during cleaning and weighing as 594 
the pieces were only a few micrograms and hardly visible under the naked eye. 595 
Fig. 2 A Durango apatite thick section (100 µm) showing 5 laser-cut fragments (A1, A2, B1, 596 
B2 & C). Note that fragments A1 and A2 have additional laser tracks on the surface.  597 
Fig. 3 Cross-diagrams demonstrating the normalization of double spike (DS) Ca isotopic 598 
composition using both IsoProbe and TIMS Ca isotope data. The corrected DS isotopic ratios 599 
(I40, I42, I43 and I48), also called the true DS isotopic composition (40Ca/44Cacorrected-IsoProbe, 600 
42Ca/44CaIsoProbe, 43Ca/44CaIsoProbe and 48Ca/44Ca corrected-IsoProbe) are also listed in Table 1.  601 
Fig. 4 Internally-normalized TIMS 40Ca/44Ca, 43Ca/44Ca and 48Ca/44Ca ratios (to 42Ca/44Ca = 602 
0.31221, DePaolo, 2004)) versus the measured 40Ca/44Ca ratios of 4 standards (SRM 915b, 603 
HPSnew, Fisher07, SRM 1486 bone meal) and Durango apatite obtained over 15 months. The 604 
average normalized-ratios and 2SD are plotted as grey solid and dashed lines. Note that there 605 
is no obvious difference in normalized ratios between the analysed materials (calcite and 606 
apatite). 607 
Fig. 5 Measured raw ratios of m43.5/m44 on TIMS and LA-MC-ICPMS. The individual error 608 
bars (2SE) on TIMS m43.5/m44 are not plotted because they are almost as large as half of the 609 
data range, so only an indicative key is shown here at the right bottom.  610 
Fig. 6 Double-spike corrected δ44/40Ca ratios of Ca isotopic standards (HPSnew, Fisher07 and 611 
SRM 1486 bone meal) and Durango apatite shown relative to published delta values. The 612 
individual error bars plotted are 2SE. Durango apatite plot includes data of laser-cut (A1, A2, 613 
B1, B2 and C) and the non-laser cut pieces. The average (black solid line) and the 2SD (grey 614 
dashed lines) are also plotted. Our SRM 1468 (bone meal) data yield the identical average 615 
δ44/40Ca value (black solid line) to that in Heuser & Eisenhauer (2008), shown as a purple 616 
line. The dashed lines show 2SD.  617 
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Fig. 7 Measured Ca isotopic ratios of SRM 915b pellet, Tridacna aragonite and Durango 618 
apatite obtained in one day by LA-MC-ICPMS, with 34 µm laser tracks, a scan speed of 1 619 
mm/min and laser repetition rate of 5Hz. Data are corrected for Sr interference, but not for 620 
mass fractionation. 621 
Fig. 8 δ44/40Ca profile of a lower left third molar from a contemporaneous Chinese female, 622 
error plotted are 2SE. Reproducibility (2SD) is shown as an indicative key. Laser-cut 623 
microsamples (blue rectangles) were retrieved from both left (L) and right (R) side of the 624 
enamel. Microsamples 4R and 5R each have a repeat, named as 4R_Re and 5R_Re.  625 
Fig. 9 Ca isotope transfer model in mammals showing Ca isotope fractionations along the 626 
paths and the relationships in δ44/40Ca between diet, soft tissue, bones/teeth and excretions. It 627 
is modified from Skulan & DePaolo (1999) and Heuser & Eisenhauer (2010). Note that the 628 
relationship between diet and feces Ca isotope ratios (δ44/40Caf ≈ δ44/40Cad) is based on the 629 
mini-pigs study by Heuser et al. (2007), the enamel-dentine offset (Δenamel-dentin) is from 630 
Heuser et al. (2011), and the reference for root resorption of deciduous teeth is Harokopakis-631 
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Table 1. Ca isotopic ratios and abundance of 42Ca–48Ca double spike (DS) solution. Note that 634 
the isotopic abundances were calculated from the weights of each spike in the DS solution 635 
and their certified values of abundance. 636 
Table 2. TIMS Ca isotopic ratios of standards SRM 915b, HPSnew, Fisher07, SRM 1486 637 
(bone meal), and Durango apatite, internally-normalized to 42Ca/44Ca of 0.31221 (DePaolo, 638 
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Table 3. The mean DS-corrected TIMS Ca isotopic ratios and δ44/40Ca of the Ca isotopic 640 
standards, relative to 915a.  641 
Table 4. TIMS Ca isotopic data of the laser-cut microsamples extracted from a lower left 642 
third molar of a young Chinese female (CLW2). 40Ca/44CaT, 48Ca/44CaT and 42Ca/44CaT are 643 
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Table 1. Ca isotopic ratios and abundance of 42Ca–48Ca double spike (DS) solution. Note that 831 
the isotopic abundances were calculated from the weights of each spike in the DS solution 832 
and their certified values of abundance. 833 
Isotopic ratios 42-48Ca DS  Isotopic abundance* (%) 42-48Ca DS 
40Ca/44Ca 9.21970  40Ca  3.331 
42Ca/44Ca 99.0069  42Ca  38.627 
43Ca/44Ca 0.444707  43Ca  0.128 
48Ca/44Ca 131.851  44Ca  0.112 
46Ca/44Ca <0.002  46Ca  0.003 
   48Ca  57.803 
. 834 
 835 
Table 2. TIMS Ca isotopic ratios of standards SRM 915b, HPSnew, Fisher07, SRM 1486 836 
(bone meal), and Durango apatite, internally-normalized to 42Ca/44Ca of 0.31221 (DePaolo, 837 
2004). 838 
 40Ca/44Ca 43Ca/44Ca 46Ca/44Ca 48Ca/44Ca 
SRM 915b 47.164 ± 0.009 0.064865 ± 0.000005 0.001515 ± 0.000006 0.088687 ± 0.000031 
HPSnew 47.160 ± 0.011 0.064866 ± 0.000005 0.001515 ± 0.000006 0.088684 ± 0.000036 
Fisher07 47.165 ± 0.003 0.064868 ± 0.000002 0.001516 ± 0.000007 0.088688 ± 0.000004 
Bone meal 47.162 ± 0.008 0.064868 ± 0.000004 0.001516 ± 0.000006 0.088694 ± 0.000033 
Durango 47.161 ± 0.006 0.064866 ± 0.000005 0.001515 ± 0.00004 0.088716 ± 0.000066 
Average 47.161 ± 0.011 0.064866 ± 0.000005 0.001515 ± 0.000006 0.088687 ± 0.000037 
 839 
 840 
Table 3. The mean DS-corrected TIMS Ca isotopic ratios and δ44/40Ca of the Ca isotopic 841 
standards, relative to 915a.  842 
 40Ca/44Ca 42Ca/44Ca 48Ca/44Ca δ
44/40Ca (‰) 
relative to 915a 
SRM 915b 47.236 ± 0.011 0.312477 ± 0.000036 0.088585 ± 0.000019 0.72% 
HPSnew 47.237 ± 0.008 0.312481 ± 0.000029 0.088583 ± 0.000015 0.70 ± 0.18 
Fisher 07 47.221 ± 0.009 0.312432 ± 0.000041 0.088609 ± 0.000022 1.03 ± 0.20 
Bone meal 47.318 ± 0.009 0.312744 ± 0.000028 0.088444 ± 0.000015 -1.03 ± 0.19 




Table 4 TIMS Ca isotopic data of the laser-cut microsamples extracted from a lower left third 844 
molar of a young Chinese female (CLW2). 40Ca/44CaT, 48Ca/44CaT  and 42Ca/44CaT are double 845 
spike (DS) corrected ratios. 846 
Microsamples 40Ca/44CaT 48Ca/44CaT 42Ca/44CaT δ44/40Ca (‰) 
CLW2_1L 47.296 ± 0.002 0.088482 ± 0.000003 0.312670 ± 0.000007 -0.55 ± 0.04 
CLW2_1R 47.270 ± 0.002 0.088526 ± 0.000003 0.312589 ± 0.000006 -0.02  ± 0.04 
CLW2_2L 47.277 ± 0.002 0.088514 ± 0.000004 0.312612 ± 0.000007 -0.16  ± 0.05 
CLW2_3L 47.287 ± 0.010 0.088497 ± 0.000017 0.312643 ± 0.000033 -0.37  ± 0.21 
CLW2_3L_Re 47.301 ± 0.015 0.088473 ± 0.000025 0.312689 ± 0.000047 -0.67 ± 0.31 
CLW2_2R 47.303 ± 0.002 0.088469 ± 0.000003 0.312696± 0.000005 -0.71 ± 0.03 
CLW2_4R 47.277 ± 0.004 0.088515 ± 0.000006 0.312610 ± 0.000012 -0.15 ± 0.08 
CLW2_4R Re 47.277 ± 0.002 0.088515 ± 0.000004 0.312609 ± 0.000007 -0.15  ± 0.05 
CLW2_5R 47.269 ± 0.005 0.088529 ± 0.000009 0.312584 ± 0.000017 0.02  ± 0.11 
CLW2_5R_Re 47.268 ± 0.002 0.088529 ± 0.000004 0.312582 ± 0.000008 0.03  ± 0.05 
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